We report the conformational analysis of a series of 3-hydroxy-N′-((naphthalen-2-yl)methylene)naphthalene-2-carbohydrazides. This class of compounds has recently been reported as androgen receptor (AR)-coactivator disruptors for potential application in prostate cancer therapy. Definition of the E/Z isomerism around the imine linker group (hydrazide) is significant from a mechanistic point of view. A detailed study using theoretical calculations coupled with experimental techniques has allowed us determine an initial preference for the E isomer. The biological activity of newly synthesized compounds at the androgen receptor, along with a series of structural analogs, was determined and provides the basis for preliminary qualitative structure−activity relationship analysis.
INTRODUCTION
In a recent study, we demonstrated the activity of members of the 3-hydroxy-N′-((naphthalen-2-yl)methylene)naphthalene-2-carbohydrazide family as novel androgen receptor (AR) antagonists and their potential application in prostate cancer therapy. 1 AR is a member of the highly homologous family of steroidal nuclear receptors (NRs) that regulate transcription of target genes in a ligand dependent fashion. 2 NRs are composed of a modular structure including an N-terminal domain (NTD), a DNA binding domain (DBD), and a ligand binding domain (LBD) which encloses a central ligand binding pocket (LBP) where endogenous hormones bind. 3 These include testosterone (Tes) and dihydrotestosterone (DHT) in the specific case of AR. Antiandrogens, in a pharmaceutical setting, typically act by displacing the natural hormones from the LBP; however, acquired drug resistance after prolonged use is a major concern which impairs their application in advanced stages of prostate cancer. The ligands we recently reported 1 function via an alternative non-LBP mediated mechanism which targets AR association with coactivators. Coactivators are essential for AR activity as transcription factors, and the direct disruption of this interaction can potentially overcome therapeutic liabilities of solely targeting the LBP. All of these compounds share the presence of an N-acylhydrazone linker, which can exist in two different E/Z isomeric forms. Characterization of the E/Z isomerism around the linker is substantial for the elucidation of the most probable bioactive conformation in the interaction with the target.
The first systematic studies of the E/Z isomerism of hydrazones were carried out by Other studies are summarized in Scheme 1.
The simpler hydrazones (I, N−NH 2 ) were studied by Minabe, 15 Lemal, 16 and Alkorta. 17 N,N-Dimethyl derivatives (II) were reported by Elguero 18 and Lu. 19 N-Aryl derivatives, usually N-phenyl III, are the most common hydrazones. 4−14,20−22 Less frequent, but closely related to the compounds of the present study, are the N-acylhydrazones IV.
23−26
The most interesting result, in the context of the present work, is a report on the crystal structure of V and the two hydrogen bonds (HB), N−H···O and O−H···N, present in its structure. 27 The impact of substitution on the conformational isomerism around the hydrazone and subsequent impact on conformer ratios is of particular interest. In the absence of a protein cocrystallized structure for these compounds, we carried out a conformational study, both theoretical (DFT calculations) and experimental (synthesis, NMR, and X-ray characterization), of the most representative active ligands of the AR non-LBP series, the 3-hydroxy-N′-(naphthalen-2-ylmethylene)-2-naphthohydrazide (1) and some related systems (2a−c). Biological and qualitative structure−activity relationship (SAR) analysis of both the studied compounds and some interesting analogs has also been included in the discussion.
RESULTS AND DISCUSSION
2.1. Conformational Analysis. A theoretical study of the E/Z isomerism in a series of 3-hydroxy-N′-((naphthalen-2-yl)methylene)naphthalene-2-carbohydrazides ( Figure 1 ) has been performed using DFT calculations.
As an initial approach, we evaluated the tautomeric/ conformational geometries of the simple linker (N-acylhydrazone) to establish the most favorable amide/imidic acid tautomeric form (Figure 2) . Relative energies at B3LYP/6-311+ +G** level show that the most stable conformation of tautomer T1 (II T1 amide, NHCHO) is clearly favored over the most stable tautomer T2 (IV T2 imidic acid, NCHOH) with an energy difference above 40.0 kJ mol −1 ; so that, to carry out the subsequent conformational study of our compounds of interest, we only focused on the possible geometries derived from T1 series.
The combination of the E/Z imine isomerism (Nacylhydrazone) and three rotational axes, r 1 (C1 A1 C CO ), r 2 (C CO N NH ), and r 3 (C NC C1 B1 ), afforded a total of 32 potential geometries corresponding to 16 pairs of conformational enantiomers due to the top/bottom arrangement of the planes defined by the aromatic rings ( Figure 3 ).
Figures 4 and 5 show the geometries of the structures studied for compounds 1 and 2a−c. In general, we will call the orientation shown in Figure 3 by the A1A2 rings horizontal (h) and that shown by the B1B2 rings vertical (v). With this in mind we consider it useful to make some conformational clarifications before the energy discussion:
• Naphthalene ring A presents four possible orientations for each E/Z isomer as a consequence of the rotation of the r 1 and r 2 axes:
• Naphthalene ring B presents two possible orientations for each E/Z isomer as a consequence of the rotation of Sixteen minima were optimized for compounds 1 and 2a−c at the B3LYP/6-311++G** level. As expected, most of the conformers presented a twisted geometry to avoid steric repulsions between the naphthalene rings and/or the linker. Conformers E 2 and E 6 were an exception, showing an almost planar arrangement of the rings due to the more favorable anti orientation of the aromatic groups and a stabilizing orientation of the hydroxyl groups.
The relative free energies of the minima are gathered in . Therefore, in both cases the E/Z energy gap suggests an almost quantitative shift of the equilibrium to the E isomer which should appear a priori as the most abundant product in experimental conditions. The possibility of establishing a highly stabilized intramolecular hydrogen bond interaction (IMHB) between the OH substituent of the naphthalene ring B1 and the imine nitrogen lone pair (OH B1 ···N NC ) explains the increase in the energy E/Z ratio of compound 1 (E 5 ) with regard to 2a (E 7 ) (Figure 6 ). 5 is the absolute minimum, only 3.4 kJ mol −1 below the best Z conformation (Z 1 )is observed. The small energy difference for 2c suggests that the distribution of E and Z isomers will be fairly similar, a result that could be reflected experimentally as an isomeric mixture. It can be inferred that in series 2 the steric hindrance determines the E/Z distribution ratio.
A major consideration for us is to simulate the compounds in condition of biological relevance. Accordingly, all the conformers have also been calculated in water solvent phase using the pcm continuum model. As would be expected, slight differences are presented in the relative energies with regard to the gas phase results. However, the general trend confirms the prevalence of the E isomer for compounds 1 and 2a, even in aqueous conditions. Moreover, the potential E/Z isomeric mixture due to the narrow energy range between isomers for compound 2c is similarly observed in water phase calculations.
As described for naphthalene B, in compound 1, the relative orientation of the hydroxyl group of ring A plays a major role in the stabilization of the conformers due to the possibility of establishing up to three different types of IMHB interactions ( Figure 7 
Clustering those conformers that share the same arrangement of naphthalene ring B, we observe systematically that the relative free energies in gas phase follow the trend Z/E 3 < Z/E 1 < Z/E 4 < Z/E 2 and Z/E 7 < Z/E 5 < Z/E 8 < Z/E 6 for the B h and B v conformers, respectively. An exception are the E 5 −E 8 conformers of compound 1 where the presence of the hydroxyl group in B1 distorts this general trend. This pattern is not observed in water phase due to the decrease of the hydrogen bonding stabilizing contribution to the energy due to solvation effects. The main conclusion is that the degree of stabilization induced by the HB interaction type OH A1 ···O CO is significantly higher than that induced by OH A1 ···N NC or NH···OH A1 , which is in a narrow energy range playing a significant role in the observed rearrangement determined by the NMR structural study.
Although E 1 and E 5 conformers suffer an energy penalty resulting from repulsion between the H1 A1 and NH hydrogen atoms which breaks the planarity of the system, they show in all cases a substantial increase in stability when compared to their respective planar rotamers E 2 and E 6 , emphasizing the prevalence of the OH A1 ···O CO stabilization ( Figure 8 ) both in gas and water phase.
Synthesis of 3-Hydroxy-N′-((naphthalen-2-yl)-methylene)naphthalene-2-carbohydrazide Derivatives.
A series of 3-hydroxy-N′-((naphthalen-2-yl)methylene)-naphthalene-2-carbohydrazides (2a−c) analogs and the closely related N′-benzylidene-3-hydroxy-2-naphthohydrazide (3) were synthesized following a standard synthetic route (Scheme 2). Starting from the commercially available 3-hydroxy-2-naphthoic acid (I), an esterification was performed in the presence of hydrochloric acid to afford the corresponding methyl 3-hydroxynaphthalene-2-carboxylate intermediate (II). Treatment of II with hydrazine hydrate afforded the hydrazide III. Condensation of III with the appropriate aldehyde or ketone (IV) afforded the products (V) in good yields. Systems 2a, 2b, and 3 were isolated as a single isomer, and subsequently characterized by 1 H NMR as the E isomer. Compound 2c, however, resulted as an inseparable mixture of E/Z isomers (see structure V) consistent with our theoretical predictions.
NMR Characterization.
A combination of different NMR spectroscopic methodologies has been employed for the unequivocal characterization of the compounds studied in this work. Figure 9 shows the 1 H NMR spectroscopic signals within the range of 7.0−12.4 ppm corresponding to the series 2a−c. This region includes all the aromatic hydrogen atoms as well as NH/OH hydrogen atoms present in these compounds. Two important conclusions are evident, corroborating our theoretical predictions:
1. Figure 10 illustrates the most significant intramolecular interactions which were probed by NMR and employed for the correct assignment of the experimentally obtained isomers for compound 2a. Irradiation of the hydrogen corresponding to the R 2 group H (8.64 ppm) in NOE experiments resulted in the perturbation of the NH signal at 12.09, demonstrating the E character of the isolated isomer (a hypothetical Z isomer could not show this NOE interaction due to the greater distance between the involved groups). A similar result was obtained in the NOE analysis of compound 2b when the R 2 signal of CH 3 (2.52 ppm) was irradiated.
Moreover, additional NOE experiments confirmed that R 1 ≫ H1′ singlet [B1 ring] and NH ≫ H1 singlet [A1 ring] interactions, in addition to the observed OH A1 ···O CO IMHB, all of which confirm the most probable/favorable conformation of the studied compounds under the experimental conditions. 2.5. X-ray Analysis. Confirmation of the NMR experimental data and computational predictions was achieved with the X-ray crystal analysis. Slow recrystallization of compound 2a from methanol provided the crystal structure of (E)-3-hydroxy-N′-((naphthalen-2-yl)methylene)-naphthalene-2-carbohydrazide as an isolated E isomer ( Figure 11) .
A review of available data identified eight other crystal structures of very similar compounds deposited within the Cambridge Crystallographic Database (CSD). 28 As shown (Figure 12 ), all of them present an E geometry, consistent with our results.
With reference to the specific orientation of the naphthalene ring A, both in the newly obtained structure (2a) and in that previously reported in the literature, with the exception of the structures RUJJEM and CICNUY, the preferential conformation observed corresponds to the E 2 /E 6 conformers, observed in almost all cases (See Figure 5 and Table 2 for comparison), and not to the expected absolute minimum E 7 . This discrepancy may be explained by the fact that crystal packing forces tend to favor the most planar geometry, and on this basis, E 2 /E 6 would be the preferential conformation as discussed above. However, we can not assume that this constitutes a complete explanation because the observed arrangement of the compounds analyzed does not follow a standard stacking pattern (See packing geometry of referenced structures). Another interesting observation is that the substitution of the hydroxyl group (HUGPOP) by a methoxy one (RUJKOX) induces the rotation of the phenyl ring in order to favor the most stable geometry based on the hydrogen bonding network, so it is possible to achieve some conformational control of the rotational state, depending on the properties of the substituent, which is very interesting from a pharmacological point of view. On the basis of our results, and the data found in the literature, we can conclude the following for this class of compounds:
1. The E/Z isomeric equilibrium is strongly governed by the ratio of the size (steric hindrance) of the substituents on the imine group. 2. Free rotation around the r 1 and r 3 axes in solution favors a higher representation of the thermodynamically most stable conformer as determined by the balance between the stabilizing (IMHB)/repulsive effect of the substituents. 3. The available crystallographic data suggests that the preferential conformation in the solid state is strongly determined by packing forces, but all the reported structures are found as E isomers, which is consistent with our theoretical studies. 2.6. Biological Study. We present the biological evaluation of ten different diarylhydrazide compounds (Figure 13 ), including those conformationally studied in this work (1−2), for their ability to displace AR:coactivator interaction using TR-FRET techniques.
The TR-FRET technique measures the recruitment of a fluorescent (Fl) labeled coactivator (of the AR specific FxxLF type: acceptor) to a Terbium (Tb) labeled GST tagged AR-LBD (donor). The technique is dependent on the distance between the donor/acceptor pair. 29 In the case of an agonist bound LBD, the Fl labeled coactivator is associated with LBD, so when Tb is excited at 340 nm, energy is transferred to Fl resulting in an increase in TR-FRET signal. In the presence of an antagonist, the Fl coactivator is not bound to the LBD; therefore, energy cannot be successfully transferred from Tb to Fl resulting in a decrease of the TR-FRET signal. Data is presented as a percentage maximum of activity as described previously, 30 and the binding data of the tested compounds is presented in Figure 14 .
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Qualitative SAR Analysis. Derived from our biological evaluation of targeted modifications of the diarylhydrazide scaffold, we can determine some initial qualitative SAR conclusions:
1. The OH group on naphthalene ring B seems important for activity when comparing 1/2a, 7/3, and 5/4 pairs of analogs. If not present, it abolishes (2a and 3) or diminishes (4) the activity. 2. Naphthalene ring A2 seems to be required when comparing 7/8 pair since the substitution of naphthalene by a benzene ring abolishes the activity (8). 3. Compounds 1, 5, and 6 are equipotent, demonstrating that the presence of naphthalene ring B2 (1) or a hydrophobic group like chlorine (5) or bromine (6) increase the activity on AR.
CONCLUSIONS
The preferred molecular conformations for four 3-hydroxy-N′-((naphthalen-2-yl)methylene)naphthalene-2-carbohydrazides have been modeled using DFT theoretical calculations and experimentally determined through solution NMR and crystallographic diffraction analysis. Their isomerism and conformational space, including that of some simpler models, have been fully determined. The energy ranges between isomers depend on a number of factors, the most important of which are the formation of intramolecular hydrogen bonds and steric effects. Under experimental conditions, we have demonstrated that the E-isomer is formed under the described synthetic conditions for this family of compounds. The Zisomer is formed when the steric hindrance of the second imine substituent is sufficiently high, in this case as an equal mixture with the corresponding E-isomer. This is in full agreement with the theoretical predictions. Additionally, the biological activity of ten diarylhydrazides analogs as non-ligand binding pocket antagonists of the androgen receptor, including those synthesized in this work, has been determined using TR-FRET. This preliminary SAR evaluation highlights the importance of naphthalene ring placement for compound binding and should be considered when advancing future series of non-LBP AR binding analogs.
It is important to note that these diarylhydrazides have been characterized as non-LBP AR antagoniststhey do not bind in an enclosed pocket. The proposed mechanism of action is a functional disruption of AR interaction with coactivators on the surface of AR LBD. With this unambiguous determination of molecular conformational preference, and ahead of resolution of any X-ray cocrystal structure of the protein:ligand complex for these compounds, this study now affords a significant starting point for structure-based expansion of this molecular series.
EXPERIMENTAL SECTION

General Experimental Data.
31 All commercially available reagents were purchased and used without further purification unless otherwise indicated. Dichloromethane was dried by distillation from calcium hydride prior to use. IR spectra were recorded as thin films on NaCl plates or as KBr discs on a 100 FT-IR spectrometer. 1 H and 13 C NMR spectra were obtained at 20°C, 400.13 MHz for 1 H spectra, 100.61 MHz for 13 C spectra, in (CD 3 ) 2 SO (internal standard tetramethylsilane). High resolution accurate mass determinations for all final target compounds were obtained and recorded by electrospray ionization mass spectrometry (ESI-MS), which was performed in the positive ion mode on a liquid chromatography time-of-flight mass spectrometer. Thin layer chromatography was performed using Silica gel 60 TLC aluminum sheets with fluorescent indicator visualizing with UV light at 254 nm. Flash chromatography was carried out using standard silica gel 60 (230−400 mesh).
4.2. General Procedure for the Synthesis of 3-Hydroxy-N′-(naphthalen-2-ylmethylene)-2-naphthohydrazides (Scheme 2). 4.2.1. Methyl 3-Hydroxynaphthalene-2-carboxylate (II). 3-Hydroxy-2-naphthoic acid (3.76 g, 20 mmol) was added to a solution of MeOH (20 mL) and HCl 37% (20 mL). The reaction mixture was heated at 90°C and the esterification was monitored on TLC until complete consumption of the starting material was observed. Solvent was then removed in vacuo, and the reaction mixture was diluted with CH 2 Cl 2 (30 mL) and washed with H 2 O, CH 2 Cl 2 (2 × 30 mL), and saturated aqueous NaHCO 3 . The aqueous phase was extracted and the combined organic layers were dried over anhydrous Na 2 SO 4 , filtered, and concentrated in vacuo to give the crude product. The crude mixture was purified by flash column chromatography over silica gel (eluent 9:1, CH 2 Cl 2 / MeOH) to afford II (Scheme 2) as a colorless solid (2.17 g, 65%, lit. MP: 73−75°C). 32 
3-Hydroxynaphthalene-2-carbohydrazide (III).
To a solution of II (2.02 g, 10 mmol) in EtOH (10 mL), hydrazine hydrate was added (1.245 mL, 40 mmol) and the reaction mixture was heated to 120°C until complete precipitation of Figure 14 . (a) Dose response curve for (1) and its closest analog (2a). Compounds were tested using a maximum concentration of 100 μM in the presence of a concentration of DHT (endogenous agonist) equal to its EC 80 concentration (see the Experimental Section). Data points are presented as standard error of mean (SEM) of at least two independent experiments in triplicate. Data was fitted using the dose−response curve (variable slope). (b) Diarylhydrazides activity toward AR-LBD. Values are presented as IC 50 ± SEM of at least two independent experiments where each well was included as triplicate. 
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(E)-3-Hydroxy-N′-((naphthalen-2-yl)methylene)-naphthalene-2-carbohydrazide (2a).
To a solution of III (1.534 g, 7.5 mmol) in EtOH (20 mL), 2-naphthaldehyde was added (1.1713 g, 7.5 mmol), the reaction was heated to 120°C and monitored by TLC until complete consumption of the starting material was observed (6 h). The reaction mixture was allowed to cool to 20°C, filtered, and washed with hexane to give a pale yellow powder identified as 2a (2.2 g 35 In brief, serial dilutions of each compound were prepared in 100× DMSO and then diluted in coregulator buffer A to achieve 1% DMSO concentration in the plate. TR-FRET signal was measured with apppropiate TR-FRET values were calculated at 10 flashes per well, using a delay time of 100 μs and integration time 200 μs as recommended by the Invitrogen assay guidelines. The ratio 520/495 nm was then calculated and plotted against the concentration. A 10 μL porting of compound solution was added to a 384 black well plate, following addition of 5 μL 4x AR-LBD and 5 μL of D11-FxxLF/Tb Anti-GST antibody in agonist mode and 5 μL of D11-FxxLF/Tb anti-GST antibody/ DHT (included at a concentration equal to EC 80 as determined by running the assay in agonist mode first). D11-FxxLF and Tb antibody were premixed in light protected vials just prior to use. A final concentration of DTT 5 mM was used in the assay buffer in order to prevent protein degradation. All plates (agonist and antagonist mode) were incubated between 2 and 4 h at room temperature protected from light prior to TR-FRET measurement. IC 50 values were determined by testing each ligand at concentrations ranging from 100 μM to 45 nM using 2-fold and 3-fold dilutions to generate a 12 point dose response curve.
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Data was fitted using the sigmoidal dose response (variable slope) available from Graphpad Prism 5. In line with the assay protocol, a known agonist, dihydrotestosterone (DHT, cat no. A8380, Sigma) and a known antagonist, cyproterone acetate (cat no. C3412, Sigma), were used as controls. A control with no AR-LBD present was included to account for diffusion enhanced FRET or ligandindependent coactivator recruitment. A negative control with 2× DMSO was present to account for any solvent vehicle effects. 
COMPUTATIONAL DETAILS
The systems have been optimized by the Gaussian-09 package 37 
